Aims/hypothesis We sought to determine the mRNA transcriptome of all major human pancreatic endocrine and exocrine cell subtypes, including human alpha, beta, duct and acinar cells. In addition, we identified the cell typespecific distribution of transcription factors, signalling ligands and their receptors. Methods Islet samples from healthy human donors were enzymatically dispersed to single cells and labelled with cell type-specific surface-reactive antibodies. Live endocrine and exocrine cell subpopulations were isolated by FACS and gene expression analyses were performed using microarray analysis and quantitative RT-PCR. Computational tools were used to evaluate receptor-ligand representation in these populations.
Introduction
The human beta cell transcriptome has been examined in studies of whole pancreatic islets [1] [2] [3] [4] , beta cells lasercaptured from frozen tissue sections [5] or transduced beta cells [6] , but these observations may not reflect the nature of normal beta cells. Moreover, the transcriptomes of human exocrine pancreatic cell subtypes have not yet been reported, despite the importance of these populations for pancreatic function and their interrelationship with the endocrine pancreas. In mice, pancreatic cell subtype expression profiling has been performed using lineage marked transgenics [7, 8] , but significant differences between the mouse and human pancreatic transcriptional programmes exist. Programming of pluripotent stem cells or somatic progenitors by induced transcription factor production is a promising approach for beta cell generation [9, 10] , which would benefit substantially from a more complete list of factors differentially produced in human beta cells.
The importance of transcription factor fate specification is well recognised. The v-maf musculoaponeurotic fibrosarcoma oncogene homologue (avian) (MAF) family of basic leucine zipper transcription factors has been strongly implicated in the determination of islet cell fate. Mafa, a regulator of insulin expression, has been shown to be expressed only in beta cells in mice [11] . Conversely, although Mafb is expressed in both alpha and beta cells during murine embryonic development, in adult mice it is found only in the alpha cells [12] . Among the NK-related homeobox gene family, Nkx6-1 shows adult expression restricted to beta cells [13] like Mafa, whereas Nkx2-2 is detected in alpha and beta cells [14] . The paired box (PAX) group also contains members involved in islet cell fate specification. Pax4 is required for the development of mouse beta cells, but is absent from mature islets [15] , whereas Pax6 is found in mature alpha and beta cells [16] . Other important endocrine transcriptional regulators include Neurog3 and Pdx1. Both are expressed at intervals during endocrine cell development, but only the latter is retained in adult rodent islets (specifically beta cells) [17] . The expression patterns of these murine factors are frequently used to guide efforts to reprogramme non-beta cells to a beta cell identity, as reviewed by Baeyens et al. [18] , or to differentiate embryonic stem cells or induced pluripotent stem cells into beta cells, as reviewed by van Hoof et al. [19] . It is therefore important to identify the differences between human and mouse endocrine cell transcriptional regulation.
Pancreatic exocrine and endocrine cell subtypes are also distinguishable by their differential participation in paracrine signalling. Islet hormones are best known for activating cells in remote tissues to maintain glucose homeostasis, but also locally affect secretion by acinar and duct cells. The significance of pancreatic paracrine signalling is highlighted by the observation that duct-secreted cytokines can inhibit insulin secretion and contribute to immune responses in islets [20, 21] . Ductislet association is also critical during pancreatic development, when epithelial duct cells differentiate into endocrine precursors. Understanding these relationships may hold the key to transdifferentiating duct cells to beta cells.
Here we used novel monoclonal antibodies to purify populations of live human alpha, beta, duct and acinar cells for a comprehensive study of their gene expression by microarray and quantitative RT-PCR. Transcriptional regulators known to be important for cell type specification in mouse pancreas were surveyed and compared with those in human cells. An important divergence was observed in MAFB, which was expressed in adult human beta cells. Several transcriptional regulators without previously reported expression restricted to pancreatic and/or exocrine cell subtype were observed, including HOPX (pan-islet), HDAC9 (beta cell), CDX2 (duct) and BATF2 (acinar). We also evaluated potential heterotypic cell×cell interactions between endocrine and exocrine populations and identified 121 ligandreceptor pairs: 27 ligands of seven transmembrane domain (7TM) receptors, 26 ephrins (EFNs) and 14 TGF-β family ligands. Ephrins and their receptors were over-represented, suggesting an important role for these molecules.
Methods
Tissue sources and cell isolation Human islet samples from normal human donors were provided by the National Institutes of Health Integrated Islet Distribution Program. The use of human tissue was approved by our local Institutional Ethics Committee. Clinical information regarding these samples is listed in electronic supplementary material (ESM) Table 1. Islets were collected after 100 to 700 min of cold ischaemia and cultured in CRML 1066 for 6 to 48 h prior to overnight shipment. Viable (trypan blueexcluding) cell frequency was 95% to 99%. A single cell suspension was prepared by incubation for 10 min in 0.05% (vol./vol.) HyQ Trypsin (Hyclone, Logan, UT, USA) at 37°C , with gentle dispersal by a p1000 micropipettor (Gilson, Middleton, MI, USA) every 3 min. Undispersed material was removed with a 40 μm strainer (BD Falcon, Bedford, MA, USA). Cells were then washed and resuspended in CMRL+2% (vol./vol.) FBS (Hyclone)+0.1 mg/ml trypsin/ chymotrypsin inhibitor (Sigma-Aldrich, St Louis, MO, USA). For tissue section labelling, an intact human donor pancreas was provided by S. Orloff (Oregon Health and Science University); portions of the organ were embedded in Tissue-tek cryomatrix (Sakura, Tokyo, Japan) and stored at −86°C.
Indirect immunofluorescent staining Adult human pancreas cryosections (5 μm) were cut with a CM1950 cryostat (Leica Biosystems, Nussloch, Germany) and dehydrated in acetone for 10 min at −20°C. Non-specific labelling was blocked with 2% (vol./vol.) goat serum (Hyclone). To produce primary antibody, the hybridoma lines listed in ESM Table 2 were grown to super-confluence in 50 ml DMEM+10% (vol./vol.) FBS. Antibody-containing supernatant fractions were collected, tested for reactivity and stored at 4°C. Primary labelling used hybridoma supernatant fractions diluted 1:50 in DPBS for 30 min; secondary labelling was with 1:200 dilution of DyLight488-conjugated anti-mouse IgM (μ chain) and Cy3-conjugated anti-mouse IgG (1+2a+3) (Jackson ImmunoResearch, West Grove, PA, USA) for 20 min. Anti-EPH receptor (EPH) B2 (R&D Systems, Minneapolis, MN, USA) and EFNB3 (LifeSpan BioSciences, Seattle ,WA, USA) were diluted 1:100 and detected with the same secondary antibodies. Polyclonal rabbit anti-keratin 19 (KRT19), a gift from X. Wang (Shanghai Institutes for Biological Sciences), was used at 1:400 and detected with Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch). Nuclei were labelled with Hoechst 33342 (Molecular Probes, Eugene, OR, USA). An Axioskop 2 plus (Carl Zeiss, Jena, Germany) was used for imaging.
Flow cytometry Dissociated islet cells were incubated for 30 min at 4°C in hybridoma supernatant fraction diluted 1:50 in CMRL+2% (vol./vol.) FBS+0.1 mg/ml trypsin/ chymotrypsin inhibitor. This dilution permitted consistent and specific cell type labelling over a broad range of cell concentrations (0.1×10 6 -5×10 6 cells/ml). Cells were then washed with cold CMRL and resuspended in a 1:200 dilution of secondary antibodies (PE-conjugated anti-mouse IgM [μ chain] and Dylight488-conjugated anti-mouse IgG [1+2a+3]; Jackson ImmunoResearch). Purified human pancreas islet (-specific antibody) (HPi2) and human pancreas alpha (-specific antibody) (HPa2) antibodies (Novus Biologicals, Littleton, CO, USA) diluted at 1:200 were tested and found to be equally effective as hybridoma supernatant fraction. Dead cells were marked with propidium iodide (10 μg/ml). Cells were analysed with a FACScalibur or sorted by an inFluxV-GS (BD Biosciences, San Jose, CA, USA for both) at 15 psi using a 100 μm nozzle. The forward scatter (FSC): pulse width gating excluded cell doublets from sorts. Data were analysed using FlowJo (Treestar, Ashland, OR, USA).
RNA isolation and quantitative RT-PCR Cells were sorted into Trizol Liquid Sample (Invitrogen, Carlsbad, CA, USA). First strand cDNA synthesis and quantitative RT-PCR reactions were performed as previously described [22] . Primer sequences are listed in ESM Microarray analyses cDNA was synthesized from RNA (isolated as described above) and amplified (WT-Ovation Pico; NuGEN Technologies, San Carlos, CA, USA). Amplified cDNA (2 μg) was labelled using BioPrime (Invitrogen) with Cy3/Cy5-labelled nucleotides (GE Amersham Biosciences, Piscataway, NJ, USA). Of the four biological replicates, two were labelled with Cy3 and the others with Cy5; reciprocal labelling controlled for dye bias. We amplified 12 whole-islet cDNA preparations, then pooled and divided them into portions to create four reference samples. Labelled samples were hybridised overnight to the 4×44 Whole Human Genome Array (Agilent, Santa Clara, CA, USA) and scanned with a DNA microarray scanner (G2565B; Agilent). Data were normalised by the print-tip loess method using linear models for microarray data in R [23] . Subsequently, 1000 consistent probes were selected with a maximum of 1.2-fold change across all comparisons. Final expression ratios were generated using loess normalisation. Differentially expressed genes were called using the Significance Analysis of Microarrays one class response package [24] with a false discovery rate (FDR) of 20%. Log 2 expression ratios for probes were quantile-normalised and converted to a ratio for each gene (the median of the median of all the values of each probe for that gene). Differentially expressed genes (5038) were identified using PaGE [25] (95% CI). Replicate results were hierarchically clustered using TIGR (www.tm4.org/mev.html, accessed 1 February 2011) [26, 27] . K-means clustering using Pearson correlation was performed to identify patterns for Ingenuity analysis (Ingenuity Systems, Redwood City, CA, USA).
Results
Isolation of human pancreatic endocrine and exocrine subpopulations To determine the gene expression profiles of the major human pancreatic cell types, we used the collection of cell surface-labelling monoclonal antibodies [22] listed in ESM Table 2 . As shown in Fig. 1a -c, dual labelling with the pan-islet marker HPi2 and the alpha cell marker HPa2 allowed separation of alpha (HPi2 + HPa2 + ) and beta (HPi2 (Fig. 1h) , HPx1 + acinar cells were distinct from HPd3 + ducts (Fig. 1i ) and large ducts (HPd1 + ) were seen to be a subset of cells labelled by pan-duct marker HPd3 (Fig. 1j) . The pan-duct labelling specificity of HPd3 was also confirmed by co-labelling for keratin 19 (KRT19) [28] ; a complete overlap was observed (Fig. 1k) .
Pancreatic cell type purity assessment Figure 1l shows the relative levels of mRNA encoding the prototypical cell type markers insulin, glucagon, somatostatin, trypsin and KRT19, as measured in the seven samples listed in ESM Microarray analyses of pancreatic cell subpopulations Having verified the purity of these populations, we assessed their global mRNA expression profile by microarray analysis using four biological replicates per population. These data are available through the ArrayExpress database (www.ebi. ac.uk/arrayexpress/, accessed 1 July 2011; accession numbers E-MTAB-463 and E-MTAB-465), and gene lists can be found at http://137.53.250.24/grompelab/ (accessed 1 July 2011). Cluster analysis of the global gene expression profiles was performed using five sorted cell populations and focusing on 5,038 genes that were differentially expressed between any pair of cell types. As shown in Fig. 2 , the two endocrine populations are closely related, but a group of genes was expressed differently in alpha and beta cells. The duct and acinar populations appear on a separate branch of the tree. Large and small ducts are nearly identical, but unique blocks are found in duct and acinar populations. K-means clustering revealed five major expression patterns: endocrine (1,086 genes), beta cellspecific (528), non-endocrine (845), acinar-specific (925) and duct-specific (457). Genes expressed specifically in endocrine cells (or beta cells only) were significantly enriched for diabetes (p=5×10 −11 ) and neurological disor- Fig. 2 Hierarchical clustering of microarray-assessed gene expression in human pancreatic endocrine and exocrine cell subpopulations. We used PaGE algorithm to identify 5,038 differentially expressed genes (in any pair-wise comparison; 95% CI), and clustered them hierarchically using TIGR Multiexperiment Viewer Expression levels are the means derived using four runs of two-colour pairwise binding of FACS-sorted alpha and beta cell cDNA. Genes with an FDR of ≥5%, duplicate probe results and probes called as 'marginal' were all excluded a C20orf39, also known as SYNDIG1; b RP11-35N6.1, also known as LPPR1
AdjP, adjusted p value; FC, fold change Comparative gene expression in beta vs alpha cells To assess the major differences in gene expression between alpha and beta cells, we performed two-colour microarray analyses. These experiments permitted a direct comparison of these highly related endocrine populations using cells subjected to identical handling (islet isolation from the same individual, followed by simultaneous enzymatic dispersal, antibody labelling and FACS). The most strongly differentially expressed genes in human beta and alpha cells are listed in Tables 1 and 2 . Genes with strong beta cell-specific expression included known factors, e.g. HADH [29] , IL1B [30] , IAPP [31] and PTGS2 [32] , as well as several novel genes. Alpha cell-selective genes have been less well studied, but transcription factors shown to contribute to alpha cell fate specification (IRX2, ARX, see below) were strongly upregulated in this population. To measure whether delta cellselective genes might have been misidentified as beta cellselective, ten of the top candidates were examined in cells enriched by Newport Green dye positivity rather than antibody selection. As illustrated in ESM Table 4 , this method provided weaker beta cell enrichment, but substantially reduced delta cell contamination (NG+ cells were only twofold enriched for somatostatin). Other than DCX, each of the genes examined was also enriched in the NG+ population and therefore beta cell-selective. Certain known beta cellselective genes showed differential expression, but did not meet statistical significance (e.g. PDX1, which was ninefold enriched in beta cells, but with >10% FDR) or were not detected by the array (e.g. MAFA), suggesting that low abundance transcripts such as transcription factors were being missed. Because these include important regulators of pancreatic cell fate, we specifically examined transcriptional regulators by quantitative RT-PCR to augment the microarray results.
Cell type-restricted expression of transcriptional regulators Of the islet samples listed in ESM Table 1 , five were used to examine specific transcription factor expression by quantitative RT-PCR. Several known regulators of mouse endocrine pancreatic cell fate were surveyed ( alpha and beta cell mRNA. Among these we found that the expression of PDX1 and MAFA was restricted to beta cells and that of IRX2 and ARX to alpha cells, as expected from prior data obtained in rodents. MAFB, NKX2-2, NKX6-1, PAX6 and HNF4A expression was detected in both cell types, whereas PAX4 and NEUROG3 mRNA was not detected in either population (data not shown). Of these results, the most notable was that MAFB is expressed in human beta cells at a level comparable to that in alpha cells (whereas adult mouse beta cells lack Mafb) [12] . We also report the first detection of IRX2 in adult alpha cells; prior observations were confined to fetal mouse tissue [33] .
Microarray analysis also revealed differential expression of regulators not previously described in pancreatic islets. Figure 3b shows quantitative RT-PCR confirmation that expression of HOPX, TFCP2L1 and HDAC9 in the human pancreas is restricted to cell types. HOPX mRNA was detected in alpha and beta cells, but was absent from any exocrine population. TFCP2L1 was expressed only by beta cells within the islet, but its mRNA was also detectable (at a lower level) in acinar cells. HDAC9 was detected at much higher levels in beta cells than in any other pancreatic cell population. As illustrated in Fig. 3c -e, western blotting indicated that the mRNA beta cell-selective and pan-islet expression patterns were also reflected at the protein level for HDAC9 and HOPX, respectively.
We also identified a few transcription factors that were differentially expressed in exocrine pancreatic populations (Fig. 3f) . These included genes with an alpha and acinar cellspecific transcript distribution (TCF25), a pan-exocrine expression pattern (SOX9 and GSC), duct-specific gene activation (CDX2) and acinar-specific expression (ONECUT1 and BATF2). Of these, only SOX9 and ONECUT1 had previously been reported to mark pancreatic cell lineages; the proteins encoded by these, SRY-box containing gene 9 and one cut domain, family member 1, are markers of developing ducts and islets in mice [34, 35] .
Heterotypic cell×cell interaction in the human pancreas To evaluate signalling interactions between different human pancreatic cell subpopulations, we conducted differential expression analysis using PaGE with a 20% FDR for ligand-and receptor-encoding genes for each pair of cell types (each cell type vs each of the remaining four cell types). Table 3 lists the matches compared with a curated human receptor-ligand database (Human Plasma Membrane Receptome [HPMR], www.receptome.org/HPMR/, accessed 1 February 2011). To specifically evaluate interactions between islet hormones and duct-resident hormone receptors, we compared our RNA-based observations for these populations with those of Bertelli and Bendayan [36] , who recently published a protein-based survey of secondary islet hormones reported to affect duct and/or acinar secretion (Table 4) . Substantial agreement was observed.
Predicted heterotypic ligand-receptor pairs For ten pancreatic cell-pairs and two directions (ligand-receptor), 121 ligand-receptor pairs were identified (Table 3, ESM Table 5 ). These included 62 non-redundant relationships previously reported in non-pancreatic tissues or tumours. Others have been described previously in the pancreas, such as EPHA4+ EFNA5, vascular endothelial growth factor+neuropilin, angiotensinogen+AGT receptor and betacellulin+EGF receptor. We identified 89 pairs of endocrine ligands (60 beta, 29 alpha) and exocrine receptors, and 24 pairs of endocrine receptors and exocrine ligands. For the remaining eight pairs, ligand and receptor were in the same compartment. ESM Fig. 1 illustrates these interactions; the detailed relationships are listed in ESM Table 6 .
Ligand-receptor family composition To obtain an overview of 121 ligand-receptor pairs, the distribution of ligands among the families was categorised in HPMR. The ligand distribution among families was uneven, with ligands of 7TM receptors, EFN and TGF-beta family ligands being the most frequent (ESM Table 6 ). This was mirrored in the corresponding receptor subfamilies (ESM Table 6 ). After accounting for ligand family representation, EFNs and EPH receptors were substantially over-represented. This is consistent with a recent publication that examined intra- islet paracrine signalling and identified EFN family gene expression [37] . From in vivo and/or in vitro protein×protein interaction, 199 ligand-receptor pairs from the Human Protein Reference Database (HPRD) were inferred (Table 3, ESM Table 5 ). Table 5 , ESM Table 7 and ESM Fig. 1 show comparisons of these results with the HPMR observations described above. Of the additional protein×protein interactions identified only in the HPRD database, most belong to the TGF-β and fibroblast growth factor families.
The expression of EPH receptor-EFN gene families revealed distinct usage of protein isoforms by cell types. EFNB3 and EFNA5 were upregulated in endocrine (alpha and beta) cells, whereas EFNB2 and EFNA1 were produced at higher levels in the exocrine compartment (large, small duct and acinar). For the EPH receptors, each exocrine cell type had at least two genes upregulated, but none were differentially activated in alpha or beta cells (Table 5 ). This pattern suggests that communication between exocrine and endocrine cells occurs and can be mediated by EPH receptor-EFN signalling. ESM Fig. 2 illustrates the distribution of receptor-ligand pair EFNB3 and EPHB2 protein in pancreas tissue. Consistent with the RNA-based observations, these proteins were observed primarily in islets or ducts, respectively.
Discussion
In this study, we generated the first gene expression atlas of adult human pancreatic alpha, beta, duct and acinar cells. The expression of known transcriptional regulators was similarbut not identical-to that in mouse islets, and novel transcriptional regulators were discovered in islet and exocrine cells. In addition, a computational ligand-receptor survey revealed potential paracrine regulatory circuits, including several EFN family members. These observations extend the understanding of human pancreatic cell regulation and should aid future studies of cell fate determination and function. 
Transcriptional regulator expression in endocrine and exocrine cells Although MAFB is often described as an alpha cell marker in adult pancreatic tissue [12] , several exceptions have been observed. In the islets of adult Meriones jirds (gerbils), MAFB is found in alpha and beta cells [38] ; even in mice, MAFB is detectable in the beta cells of adolescents and pregnant adults [39] . Coupled with our observation that MAFB is expressed in adult human beta cells, this suggests that the pattern observed in adult mice is the exception rather than the rule. MAFB has not been regarded as a useful reprogramming agent for the derivation of beta cells; our findings suggest that this should be reevaluated. Iroquois homeobox genes like IRX2 are transcription factors with developmental roles in broad pattern specification [40] . In one report, Irx2 was shown to be restricted to alpha cells in the developing mouse pancreas [33] , suggesting a potential role for the specification of this lineage. Since IRX2 is also restricted to alpha cells in adult humans, it could be a target for inhibition to suppress polyhormonal fates and promote beta cell identity. The deletion of Arx, expression of which is also restricted to alpha cells in the adult human islet, increases the ratio of beta:alpha and/or delta:alpha cells in knockout mice [41] . We observed cell type-selective expression of several transcriptional regulators not previously reported in the pancreas; three of these had particularly noteworthy cell type specificities. The transcriptional regulator HOPX contains a homeobox domain, but lacks the DNA binding motif normally associated with HOX genes [42] . In developing cardiac and pulmonary tissue, HOPX acts downstream of NK2-1 and NK2-5 (respectively) [43] . Its expression in adult human islet cells, which also express NK family genes, suggests that HOPX might contribute to the specification or maintenance of endocrine cell identity. Beta cell-specific expression of HDAC9 is of particular interest. HDAC9 is a transcriptional co-repressor characterised principally as a neuronal development factor [44] . However, it was recently implicated as a fasting-induced upstream transcription factor-1 inhibitor and an important element of a novel insulindependent metabolic regulatory system [45] . Beta cellspecific HDAC9 expression in the pancreas suggests that it could be a useful reprogramming agent and enforcer of beta cell identity. Information on BATF2 is extremely limited, but our observation of highly acinar cell-specific expression is potentially important. The reprogramming of acinar cells to a beta cell-like state has been demonstrated [46] ; if this process could be enhanced by suppression of factors like BATF2, it could become a significant therapeutic approach.
Heterotypic cell type interactions: the roles of EPH receptor-EFN signalling in the pancreas The ligand and receptor in EPH receptor-EFN signalling are cell surface localised; binding between these proteins requires cell-cell contact and triggers a forward signalling pathway in the receptor cell and a reverse signalling pathway in the ligand cell [47] . EPH receptor-EFN signalling has been implicated in several processes, including tissue development, cancer and glucose homeostasis. In the latter, EPH receptor-EFN signalling regulates insulin secretion, with EPH receptor signalling suppressing insulin secretion, whereas EFN signalling activates it; the balance correlates with blood sugar level [48] . Islet hormone regulation of duct cell bicarbonate fluid secretion is physiologically important [49] . However, the topographical association between islet and duct cells in the pancreas implies that cell organisation during epithelial branching morphogenesis and capillary formation is important for pancreatic development. EPH receptor-EFN signalling is important for regulating this process during neural development and may play a similar role during pancreatic tissue organisation.
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